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Exposure to CO2 at high concentration is a much debated stunning method in pigs. 
Pigs respond aversively to high concentrations of CO2, and there is uncertainty about 
what behaviors occur before and after loss of consciousness. The aim was to assess 
timing of unconsciousness in pigs during exposure to high concentrations of CO2 based 
on changes in electroencephalogram (EEG) activity and the relation with the behaviors 
sniffing, retreat and escape attempts, lateral head movements, jumping, muscular con-
tractions, loss of posture, and gasping. Pigs (108 ± 9 kg) were randomly assigned to 
80% CO2 (80C, n = 24) or 95% CO2 (95C, n = 24). The time at which the gondola started 
descending into the well pre-filled with 80C or 95C was marked as T = 0. The CO2 expo-
sure lasted 346 s after which the corneal reflex and breathing were assessed for 1 min. 
Visual assessment of changes in the amplitude and frequency of EEG traces after T = 0 
was used to determine loss of consciousness. Time to loss of consciousness was longer 
in 80C pigs (47 ± 6 s) than in 95C pigs (33 ± 7 s). Time to an iso-electric EEG was similar  
in 80C pigs (75 ± 23 s) and 95C pigs (64 ± 32 s). When pigs descended into the well, the 
earlier entry of 95C pigs into high CO2 atmosphere rather than the concentration of CO2 
by itself affected the latency of behavioral responses and decreasing brain activity. During 
exposure to the gas, 80C and 95C pigs exhibited sniffing, retreat attempts, lateral head 
movements, jumping, and gasping before loss of consciousness. 95C pigs exhibited all 
these behaviors on average earlier than 80C pigs after T = 0. But the interval between 
onset of these behaviors and loss of consciousness and the duration of these behav-
iors, except gasping, was similar for both treatments. Loss of posture was on average 
observed in both groups 10 s before EEG-based loss of consciousness. Furthermore, 
88% of 80C pigs and 94% of 95C pigs demonstrated muscular contractions before loss 
of consciousness. The findings provide little reason to conclude on a behavioral basis 
that these atmospheres are greatly different in their impact on pig welfare.
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inTrODUcTiOn
The two most commonly used stunning methods applied under 
commercial slaughterhouse conditions in pigs are electrical 
stunning and exposure to high concentrations of carbon dioxide 
(CO2) (1). The CO2 stunning method involves lowering groups 
of pigs in a gondola into a well that is pre-filled with a high con-
centration of CO2. According to European legislation, the CO2 
concentration should at least be 80%, but many slaughterhouses 
use 90% CO2 or higher in attempts to increase throughput at 
the slaughter plant (2, 3). Rapid and deeper respiration induced 
by higher CO2 concentrations increases the intake of CO2 that 
shortens the induction period and time to loss of consciousness 
(4). Induction of unconsciousness with CO2 stunning requires 
high concentrations of CO2 where excessive CO2 concentrations 
in the blood lead to a state of hypercapnic hypoxia, inducing 
a decline in blood pH levels. Because CO2 travels across the 
blood–brain barrier relatively easy, the high CO2 levels also cause 
rapid acidification of the cerebrospinal fluid. The drop in pH is 
detected by central chemical receptors in the medulla oblongata 
and pons of the brainstem, resulting in faster and deeper respira-
tion in an attempt to increase pO2 and decrease pCO2 (5). The 
acidification of the brain cells results in a depression of brain 
activity that causes loss of consciousness or when prolonged 
death (6). Loss of consciousness is not immediate upon exposure 
to high CO2 levels, but depends on the CO2 concentration used 
and the speed at which animals are immersed into the highest 
concentration of CO2 at bottom of the well (7, 8). Time to loss 
of posture, as the first indicator of the onset of unconsciousness, 
was reported at 25, 17, 22, and 15 s after immersion into 60, 70, 
80, and 90% CO2, respectively (7). Studies that examine brain 
activity, presented in an electroencephalogram (EEG), reported 
loss of consciousness 14–60 s after initial exposure to 80–90% 
CO2 (9, 10). Pigs do not need to be individually restrained 
and can be stunned in groups during CO2 stunning, which 
are considered to be advantages in terms of animal welfare in 
comparison to other stunning methods (10, 11). Before pigs lose 
consciousness, however, behavior, including excitement, retreat 
and escape attempts, and respiratory changes (gasping), has been 
observed (3, 7, 12, 13). Carbon dioxide itself causes irritation of 
nasal mucosal membranes and is a strong respiratory stimulator 
that induces a sense of breathlessness prior to loss of conscious-
ness in humans (14, 15). Beausoleil and Mellor (16) describe 
three different traits of breathlessness, namely chest tightness, 
respiratory effort, and air hunger, where air hunger occurs when 
the demand for ventilation exceeds the capacity to provide it 
(17). This air hunger may occur when an animal continuously 
inhales high tensions of CO2 and is a serious concern for animal 
welfare as it always unpleasant to the animal (16).
Furthermore, there is much debate about what CO2 concentra-
tions are most aversive to pigs since behavioral responses of pigs 
vary with different CO2 concentrations. Pigs seem to respond less 
aversive to lower concentrations of CO2 (50–60%) than higher 
concentrations of CO2 (80–90%) (7, 18, 19). When looking at 
these high concentrations of CO2, Nowak et  al. (20) observed 
higher lactate levels, indicative of stress, in pigs exposed to 80% 
CO2 compared to pigs exposed to 90% CO2. Barfod (21) and 
Erhardt et  al. (22), on the other hand, did not find conclusive 
evidence that CO2 irritates the membranes and concluded that 
gasping is a normal response to the excessive CO2 in the body. The 
general opinion, however, is that the initial phase of CO2 stunning 
is aversive to pigs (20).
While changes in breathing pattern are generally associated 
with aversion, there is little consensus concerning the interpreta-
tion of the occurrence of convulsions or (involuntary) muscle 
contractions (13). These muscle contractions have been observed 
both before (3, 9) and after loss of consciousness (3, 23, 24). 
The objective of the current study was to assess the relationship 
between behavioral measurements and onset of unconsciousness 
as identified by EEG activity during 80% CO2 (80C) or 95% CO2 
(95C) stunning in pigs.
MaTerials anD MeThODs
This study was approved by the Animal welfare body of 
Wageningen UR, The Netherlands and by the Institutional 
Animal Care and Use Committee (IACUC) of IRTA, Spain.
animals and housing
In total, 48 cross breed (Pietrain ×  Large White ×  Landrace) 
pigs from a commercial fattening farm were randomly selected 
and transported to the experimental facilities. Before departure 
from the farm, all animals were systematically inspected by 
clinical examination of physical appearance and the normality of 
behavior, removing those presenting signs of disease. The selected 
pigs (live weight 108 ± 9 kg) arrived at the experimental facilities 
3 days prior to start of the experiment and were housed in groups 
of eight in six adjacent lairage pens of 4.5 m × 1.8 m, next to the 
experimental abattoir. The pigs had free access to water and were 
fed (3 kg/pig/day) twice daily at 0700 and 1600 h using the same 
commercial diet they received on the fattening farm.
experimental set-up
From the day of arrival until the beginning of the experiment, 
pigs were habituated to human contact twice a day for 5 min per 
pen. The experiment was conducted on four consecutive days, 
starting 3 days after arrival of the pigs. The CO2 stunning unit 
was a dip-lift system (Butina Aps, Copenhagen, Denmark) that 
contained a gondola (299 cm × 138 cm × 100 cm) that descended 
to the base of a well at a depth of 290 cm. On the first 2 days, pairs 
of pigs (always the same pairs randomly selected from the same 
lairage pen) were habituated to the ascending and descending 
of the dip-lift (once every day) containing atmospheric air. All 
pigs were equipped with EEG electrodes and a respiratory band 
each day, before they entered the gondola. In order to confirm 
that there was no effect of being in a (ascending or descending) 
gondola on EEG activity, data were recorded in 24 of the 48 
pigs (one pig from each pair). The descent of the gondola took 
23 s, where it remained at the bottom of the well for 30 s before 
ascending in 23 s. The total cycle lasted 76 s and when the gondola 
reached the top, the pigs were allowed to exit the gondola and the 
recording equipment was removed. Thereafter, pigs were allowed 
to return to their pen. On the third or fourth day, the same pairs of 
pigs, equipped with EEG electrodes and a respiratory band, were 
FigUre 1 | Weighing scale in which the pigs were fixated (a) to equip 
them with eeg-recording equipment and a respiratory band. 
Placement of the four electrodes on the pigs head (B).
TaBle 1 | ethogram used to score the behaviors of pigs in an ascending 
and descending gondola into a well filled with atmospheric air on days 1 
and 2 and 80 or 95% carbon dioxide (cO2) on days 3 and 4.
Behavior (event) Description
Sniffing Sniffing while lifting the head and considered a first sign 
of the pig becoming aware of the CO2
Retreat attempts Pigs backing away (18)
Gasping A very deep breath through a wide open mouth that 
may involve stretching of the neck (25)
Escape attempts Pigs running across the gondola and/or raising their 
forelegs on the side wall of the gondola (7)
Jumping Jumping in air or against the wall of the gondola
Lateral head 
movements
Head movements to the side while convulsive expulsion 
of air from the lungs through the nose and mouth (26)
Muscular 
contractions
Defined as a period of struggling ranging from fairly 
vigorous running and movements to clonic convulsive 
seizures (18)
Loss of posture The pig is in a recumbent position with total loss of 
control of posture
Behavior (state) Description
Standing The pig is in an upright position, without moving, with 
all four paws on the floor
Walking The pig moves in a forward direction
Sitting The pig is in a sitting position
Lying The pig is in a recumbent position, still having (partially) 
control of posture (it may lift the head)
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again placed in the dip-lift gondola and exposed to the stunning 
treatments. The well was pre-filled with CO2 through an inlet 
valve at the bottom of the well and the CO2 concentration was 
pre-set and measured using a sensor placed at a depth of 2.5 m. 
After the complete experiment had finished, CO2 concentrations 
were measured once at five different depths into the well while 
the well was pre-filled with 80C or 95C. The gondola contained 
80C on the first morning and second afternoon, and 95C on the 
first afternoon and second morning of days 3 and 4. Descent of 
the gondola took 23 s, before remaining stationary at the bottom 
for 300  s before ascending in 23  s. The total cycle lasted 346  s 
and when the gondola reached the top, the exit gate was opened 
and pigs were assessed for signs of return to consciousness. The 
corneal reflex was assessed at 10  s intervals and occurrence of 
breathing was assessed continuously for 60 s. Thereafter, the EEG 
electrodes and the respiratory band were removed and each pig 
was bled and sent for further processing.
electroencephalogram activity and 
respiratory signal Measuring Procedure
To facilitate instrumentation, pigs were fixated in a standing posi-
tion in a weighing scale (Figure 1A). A nose clamp or any other 
additional restraining method was not required. During instru-
mentation, pigs remained in the weighing scale for approximately 
10  min. The head of the animal was shaved on day 1 with an 
electrical trimmer to enable placement of EEG electrodes. Four 
Ag/Cl electrodes [Twente Medical Systems International (TMSi), 
Oldenzaal, The Netherlands] were placed on the shaved skin after 
applying adhesive tissue (3M Vetbond™, St. Paul, ME, USA). 
Two electrodes were placed on the skin of the forehead, 2 cm left 
and right from the sagittal midline and 2 cm below a line extend-
ing between the base of both ears. The other two electrodes were 
placed on the frontal bone 2 cm left and right from the sagittal 
midline 3 cm frontal from the first electrodes (Figure 1B). All 
electrodes were connected via a 140 cm active protected cable to 
a 6-channel Mobi system (TMSi, Oldenzaal, The Netherlands). 
The Mobi system uses bipolar amplifier technology with high 
input impedance (>1 GΩ) that amplifies the potential difference 
between each pair of electrodes. The input amplifier is dimen-
sioned as multichannel instrumentation amplifier. Electrode 
impedance was <5 kΩ. The EEG was displayed with a band pass 
filter of 0.5 and 30  Hz, respectively, and unfiltered data were 
saved onto a computer. Sampling rate was set at 1 kHz. Once the 
electrodes had been secured and a good live signal was obtained 
in the weighing scale, baseline EEG activity was recorded for 
at least 2 min. The gondola started descending into the well at 
T = 0. Recording of the EEG was continuous until the pig left the 
gondola (days 1 and 2) or was bled (day 3 or 4).
A respiratory waveform was recorded continuously by plac-
ing an inductive respiratory band (80 cm) around the abdomen 
behind the pig’s last rib (TMSi, Oldenzaal, The Netherlands).
Behavioral Measurements
Pig behavior in the gondola was recorded using two video cam-
eras (Sony Colour CD AVC 565, Circontrol, Barcelona, Spain) 
placed on the top of the gondola and were connected to a digital 
image recorder (VDVR-4S 550430, Circontrol).
After at least 2  min of baseline recording in the weighing 
scale, pigs were gently moved to the gondola. After the gondola, 
containing two pigs, descended into the well (T =  0), number 
(events), duration (states), and latency to the behaviors as defined 
in Table 1 were scored per pig from the video recordings using 
Observer 5.0 software (Noldus Information technology B.V., 
Wageningen, The Netherlands).
Data analyses
All EEG data were displayed, stored, and analyzed using 
PolyBench software (TMSi, Oldenzaal, The Netherlands). The 
EEG activity (amplitude and frequency) of each pig was visually 
assessed to determine robust changes in the individual stages, 
FigUre 2 | representative examples of the different stages identified with visual assessment of electroencephalogram (eeg) activity prior to and 
after cO2 stunning in pigs. The three stages from left to right: baseline (a), unconscious (B), and minimal brain activity (c). Total X-axis represents 5 s, Y-axis 
represents amplitude of the EEG-trace (microvolts).
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i.e., baseline, unconscious, and minimal brain activity. The base-
line stage consisted of a low-amplitude, high-frequency signal, 
indicating alert pigs (Figure 2A) (27, 28). When high amplitude, 
low frequency dominated the EEG trace, this was interpreted to 
indicate unconsciousness (Figure  2B) (27–29). Minimal brain 
activity was reflected by a flat signal (<10% of baseline amplitude) 
(Figure 2C) (28). Latency to first apnea was defined as the first 
time the respiratory waveform signal was flat for at least 5  s. 
Respiratory arrest was defined as the time at which the respiratory 
waveform signal stayed flat until the end of the experiment.
statistical analyses
Behaviors and EEG variables were analyzed in SAS 9.3 (SAS Inst. 
Inc. Cary, NC, USA). To assess whether behavior differed between 
the 2 days during which the gondola only contained atmospheric 
air, the following behaviors: walking, standing, and lying expressed 
as percentages were analyzed with either PROC MIXED when 
normality was approximated (standing, lying) or PROC GLIMMIX 
when normality could not be approximated (walking). In PROC 
GLIMMIX, a binomial distributions with the default logit link was 
used. As behaviors were assessed on 2 days for each animal, obser-
vations cannot be considered independent. Therefore, a repeated 
measurement analysis was performed with animals as the subject 
applying a first-order auto-regressive [AR(1)] variance–covariance 
structure determined to be the best fit according Akaike’s corrected 
information criterion. The model included the fixed class effect of 
day (days 1 and 2) and the random effect of the experimental unit 
pair (pair 1–24) nested within days (model 1).
To assess effects of CO2 treatment and possible day effects on 
latencies to, and durations of, behaviors, standing, walking, sitting, 
lying, sniffing, retreat and escape attempts, gasping, lateral head 
movements, jumping, loss of posture, and muscular contractions 
were analyzed using PROC MIXED. The fixed class effect of treat-
ment (80C, 95C), day (days 3 and 4), and their interaction were 
assessed. A random effect of the experimental unit pair nested 
within day and treatment was added to the model (model 2). For 
retreat attempts, lateral head movements, and jumping, normal-
ity was not attained and the natural logarithm of the respective 
variables was calculated to approximate normality.
To assess effects of CO2 treatment and possible day effects on 
the prevalence of behaviors, i.e., retreat attempts, gasping, lateral 
head movements, jumping and muscular contractions, assessed as 
a binary trait, were analyzed with PROC GLIMMIX with a binary 
distribution and a logit link. The model included the same fixed 
and random effects specified in model 2. Results are displayed as 
mean ± SD, unless stated otherwise. In all cases, significance was 
assumed at P < 0.05.
resUlTs
air Treatment
Electroencephalogram
Baseline EEG activity was representative for conscious and awake 
animals in all pigs (n = 24): high-frequency, low-amplitude waves 
as depicted in Figure  2A. No differences in EEG stadia were 
observed during the baseline period or descending and ascending 
of the gondola for pigs in the first 2 days.
Behavior
The percentage of time spent on walking was similar (P > 0.10) 
for pigs on day 1 (11 ± 9%) compared to day 2 (9 ± 7%) during 
the 76 s in the gondola. The percentage of time spent on standing 
was also similar (P > 0.10) for pigs on day 1 (89 ± 9%) compared 
to day 2 (91 ± 7%) during the 76 s in the gondola. None of the pigs 
were observed sitting or lying and no gasping, jumping, muscular 
contractions, or escape attempts were observed on these 2 days.
cO2 Treatment
CO2 Concentration
The average CO2 concentration at a depth of 2.5  m was lower 
(P < 0.0001) during the 12 runs of 80C (82 ± 2.1%) than during 
the 12 runs of 95C (97 ± 0.5%).
Table 2 shows CO2 concentrations at five different depth levels 
in the well for the 80C and 95C treatment measured once after the 
experiment had taken place.
Electroencephalogram
One 95C pig was not equipped with EEG electrodes since this 
pig was too restless during application of the equipment. Baseline 
EEG activity was successfully recorded in all other pigs and was 
representative for conscious and awake animals: high-frequency, 
low-amplitude waves (Figure  2A). During the CO2 exposure 
phase, in nine animals, the EEG signal was lost due to muscular 
TaBle 2 | cO2 concentrations measured at different levels during 
descend of the gondola during the two treatments (80c and 95c).
level of the sensora Treatmentc
Time (s)b 80c (%) 95c (%)
0 m (top) 0 1.5 24.5
0.5 m 4 2.7 74.0
1 m 8 7.5 88.2
2 m 16 70.2 96.0
2.5 m 23 79.4 96.9
aPlacement of the CO2 sensors measured from the top where the animals entered the 
gondola (0 m).
bTime taken from the top where the animals entered the gondola. T = 0 is start 
descending the gondola.
cPigs were exposed to either 80% CO2 (80C) or 95% CO2 (95C) measured at the 
bottom of the well.
TaBle 3 | latency to first, duration of (mean ± sD), and number of 
behaviors observed in pigs exposed to 80% cO2 and 95% cO2 for 346 s.
Behavior1 80% cO2 95% cO2
N2 Mean ± sD N Mean ± sD
states
Duration of standing (s) 24/24 31 ± 6a 24/24 15 ± 4b
Latency to first walking (s) 12/24 6 ± 9 14/24 9 ± 5
Duration of walking (s) 12/24 5 ± 3 14/24 2 ± 1
Latency to first sitting (s) 12/24 31 ± 3a 12/24 14 ± 5b
Duration of sitting (s) 12/24 3 ± 2 12/24 3 ± 3
Latency to first lying (s) 24/24 34 ± 5a 24/24 17 ± 3b
Duration of lying (s) 24/24 310 ± 5a 24/24 328 ± 3b
events
Sniffing (s) 24/24 18 ± 3a 24/24 7 ± 2b
Latency to first retreat 
attempt (s)
22/24 22 ± 6a 20/24 10 ± 4b
Number of retreat attempts 22/24 2 ± 1 20/24 2 ± 1
Latency to first gasp (s) 24/24 23 ± 4a 24/24 9 ± 3b
Number of gasps 24/24 30 ± 9a 24/24 14 ± 3b
Latency to first lateral head 
movement (s)
8/24 24 ± 10 12/24 14 ± 6
Number of lateral head 
movements 
8/24 2 ± 1 12/24 1 ± 1
Latency to first jump (s) 12/24 34 ± 5a 11/24 14 ± 2b
Number of jumps 12/24 1 ± 1 11/24 2 ± 2
Latency to first muscular 
contraction (s)
21/24 36 ± 4a 24/24 20 ± 6b
Number of muscular 
contractions
21/24 4 ± 2 24/24 3 ± 2
Loss of posture (s) 24/24 44 ± 5a 24/24 26 ± 5b
Number of escape attempts 0/24 – 0/24 –
1First behavior when entering the gondola was always standing.
2Number of pigs showing the specific behavior.
T = 0 is start descending of the gondola into the well. 
a,bMeans with different letters are significantly different (P < 0.05).
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contractions during the stunning procedure. Of the 38 remain-
ing continuously recorded animals, 20 were exposed to 80C and 
18–95C. In one pig exposed to 80C and two pigs exposed to 95C, 
time to unconsciousness could not, but time to an iso-electric 
EEG could, be determined due to muscular contractions. In two 
pigs exposed to 80C, time to unconsciousness could, but time to 
an iso-electric EEG could not be determined due to muscular 
contractions.
Time to loss of consciousness based on EEG activity was 
longer (P < 0.001) in 80C pigs (47 ± 6 s; range 39–61 s) than in 
95C pigs (33 ± 7 s; range 21–44 s). Time to an iso-electric EEG did 
not differ (P = 0.39) between 80C pigs (75 ± 23 s; range 54–150 s) 
and 95C pigs (64 ± 32 s; range 36–132 s).
Respiration
A good respiratory waveform signal lasting the entire CO2 treat-
ment was successfully recorded in 31 pigs. In the other seven pigs, 
the respiratory waveform could not be detected due to muscular 
contractions. Of the successfully recorded pigs, 17 were exposed 
to 80C and 14 were exposed to 95C. Time to the first apnea was 
longer (P < 0.001) in 80C pigs (71 ± 14 s; range 52–103 s) than in 
95C pigs (44 ± 7 s; range 33–56 s). Time to respiratory arrest was 
longer (P = 0.001) in 80C pigs (235 ± 61 s; range 151–337 s) than 
in 95C pigs (152 ± 39 s; range 96–209 s).
Behavior
Table 3 shows the latency to first, duration of (mean ± SD), and 
number of behaviors observed in pigs exposed to 80C and 95C 
for 346 s. No difference in walking was observed between 80C 
and 95C pigs. Both sitting and lying occurred earlier (P < 0.001) 
in 95C pigs compared to 80C pigs and duration of standing was 
shorter (P < 0.001) in 95C pigs compared to 80C pigs. Latency to 
all event behaviors (sniffing, gasping, retreat attempt, lying, mus-
cular contractions, and loss of posture) was longer (P < 0.0001) 
in 80C pigs than 95C pigs.
The time between first and last occurrence of gasping and 
muscular contractions was also assessed. The time between first 
and last gasp was longer (P <  0.001) in 80C pigs (206 ±  77  s) 
compared to 95C pigs (111 ± 26 s). The number of gasps while 
conscious, however, did not differ between 80C pigs (6 ±  3) 
and 95C pigs (5 ± 3). The time between first and last muscular 
contraction did not differ between 80C pigs (47 ± 40 s) and 95C 
pigs (59 ± 55 s).
Immediately after the end of the exposure, none of the 95C 
pigs showed a corneal reflex or breathing. In two 80C pigs, in 
two different runs, gasping was observed post stunning and these 
pigs were immediately immersed in CO2 for another 5 min. No 
corneal reflex was observed in these pigs. Concentrations of CO2 
during these two runs were 79.2 and 82.4% CO2.
Behavior in Relation to the EEG
Figure 3 shows the average latencies to the different behaviors and 
EEG-based loss of consciousness expressed by 80C (Figure 3A) 
or 95C (Figure 3B) pigs. Both 80C and 95C pigs showed a similar 
sequence of behaviors when exposed to the CO2.
Figure 4 presents the range of individual time points at which 
the different behaviors started in relation to onset of EEG-based 
unconsciousness, based on visual assessment of EEG recordings, 
in 80C pigs (Figure 4A) and 95C pigs (Figure 4B). In both 80C 
and 95C pigs, sniffing, latency to first retreat attempt, gasping, 
jumping, and lying occurred before EEG-based loss of conscious-
ness was observed. Muscular contractions were observed in 88 
and 95% of 80C and 95C pigs, respectively, before EEG-based 
FigUre 3 | average latency (s) to the different behaviors expressed by pigs exposed to 80% cO2 [80c (a)] or 95% cO2 [95c (B)]. T = 0 indicates start 
descending of the gondola into the well pre-filled with CO2. The actual CO2 concentration was measured once at five different time points during descending of the 
gondola into the well.
FigUre 4 | range of individual time points at which the different behaviors occurred in relation to eeg-based loss of unconscious (T = 0) during cO2 
stunning in pigs exposed to 80% cO2 [80c, n = 24 (a)] or 95% cO2 [95c, n = 24 (B)]. Dotted lines indicate average values of all observations and left and 
right vertical lines of each block indicate minimum and maximum values for all observations.
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loss of consciousness. Loss of posture was observed in 63 and 
81% of 80C and 95C pigs, respectively, before EEG-based loss of 
consciousness. Latencies to behaviors relative to onset of uncon-
sciousness did not differ between both treatments.
DiscUssiOn
According to EEG data and behavioral observations, conscious-
ness was reported to be lost during CO2 stunning (80–90% by 
7Verhoeven et al. Assessing Unconsciousness during CO2 Stunning
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volume in air) on average 30 s following onset of exposure based 
on both EEG data and behavior (7, 10).
The time to loss of consciousness during CO2 stunning, 
however, remains debated (30) and may depend on multiple fac-
tors, including the CO2 concentration applied and experimental 
design. An abrupt exposure to the gas mixture is known to induce 
a more rapid loss of consciousness in comparison with gradual 
immersion (31). Some of the previous studies simulated com-
mercial conditions [e.g., Ref. (9, 32)] where pigs were immersed 
gradually to the required concentration at the bottom of a well. 
Part of the descending time was, therefore, taken up with transit 
through the interface between air and CO2, which is expected to 
prolong the conscious period. Based on EEG recordings, the pigs 
in the current study immersed in 80C and 95C lost conscious-
ness, after on average 47 and 33  s, respectively, after descend-
ing the gondola into the well. Our results are similar to those 
reported by Llonch et al. (33) who reported loss of conscious-
ness, based on EEG activity, 37.6  s after starting descending 
the gondola in a well pre-filled with 90% CO2. Descending the 
gondola into the well also took 23 s in that experiment. During 
experiments performed by Forslid (24) and Raj (34), animals 
were immersed immediately (24) or within 10 s (34) in a box 
that contained the modified atmosphere. Forslid (24) concluded 
that low-frequency activity dominated the EEG trace, indicative 
of unconsciousness, after 23–28 s in pigs immersed in 80C. Raj 
(34) observed loss of posture 17 ± 3 s after pigs were exposed 
to the highest (80–90%) CO2 concentration. Rodriguez et  al. 
(9), on the other hand, monitored brain activity using auditory 
evoked potentials and concluded time to loss of consciousness 
to be 60 s after being submersed into a well pre-filled with 90% 
CO2. It should be noted, however, that the use of absence of 
evoked responses may provide more conservative times to loss 
of consciousness compared to loss of spontaneous EEG activity 
(35, 36). Another possible explanation for the variety in time to 
loss of consciousness is that pigs differ in their responses to CO2 
exposure and that these responses could be breed dependent, 
but also depend on the way in which animals are handled pre-
slaughter (3, 37, 38).
During our study, time taken to loss of consciousness decreased 
with as CO2 concentration increased as previously reported by 
Raj and Gregory (7) and EFSA (10). Pigs subjected to 95C in 
the current study, were exposed to 74% CO2 at 4 s after starting 
descending of the gondola, whereas pigs subjected to 80C were 
exposed to only 3% CO2 at a similar depth. A faster and deeper 
respiration pattern observed in high CO2 concentrations results 
in an increased intake of CO2 and thereby increased efficiency of 
the stunning method, whereby the induction period is reduced 
and consequently time to loss of consciousness (4).
Pigs exposed to 80C and 95C revealed an iso-electric EEG 
after 75 and 64 s, respectively, indicating severely reduced central 
nervous system activity. Exposure to high CO2 concentrations is 
still reversible after 1–2 min (6, 24), but prolonged exposure to 
80C resulted in death after approximately 2–3 min in the major-
ity of the pigs in a study by Raj (34). In the current study, 95C 
pigs had all died after the long exposure to CO2, confirmed by 
the absence of brain activity, breathing, and brain stem reflexes. 
Two 80C pigs, however, displayed signs of gasping, although both 
animals showed an iso-electric EEG. Because recovery from CO2 
stunning was not part of this study, these pigs were immediately 
immersed for another 5 min in 80C. Since no corneal reflex after 
ascending of the gondola was observed in these pigs, it is likely 
that these gasps were only rudimentary brain stem activity and 
not signs of recovery from the CO2 exposure.
Brain activity, as presented in an EEG, is considered the most 
objective method available for the assessment of unconscious-
ness. This method, however, is only used for research objectives 
because its application holds numerous challenges during stun-
ning and slaughter of livestock. One of the challenging aspects 
is that the EEG can be influenced by artifacts that are animal- or 
technical related (39). Experimental controlled situations provide 
a better environment to limit these artifact sources than slaughter 
plants. Several studies on stunning and slaughter report discon-
nected electrodes or disrupted EEG activity in 9–71% of the 
animals (40–42). The CO2 stunning procedure itself provides an 
additional challenge, as animals can move freely and (extensive) 
muscular contractions can easily disturb the EEG signal. Visual 
appraisal of EEG activity to assess the state of (un) conscious-
ness has been applied during studies in poultry (43), sheep 
(27), and veal calves (28). In addition to visual appraisal, EEG 
signals can be assessed using fast Fourier transformation (FFT). 
The output thereof represents the frequency composition of the 
signal, or alternatively formulated, how much power is presented 
in the different frequency bands. As this output is automatically 
derived, its results are considered more objective than visual 
appraisal. FFT analyses, however, necessitate a clean and stable 
EEG signal. Removal of artifacts is possible using certain types of 
filters, but this can also remove important information from the 
EEG trace as movement artifacts often occur in the 0–4 Hz range 
(Gerritzen, personal communication). Previous work by our 
group assessed the relation between onset of the different EEG 
stages, based on visual assessment of EEG activity, and spectral 
variables “Total Power” and “Spectral Edge Frequency,” during 
propofol anesthesia in sheep (27). There were strong correlations 
between onset of the different EEG stages based on visual EEG 
assessment and these two spectral variables ranging from 0.68 to 
0.95 (Verhoeven, unpublished results). This supports the validity 
of visual assessment of EEG traces as conducted in the present 
study. It was not possible to perform continuous FFT analyses 
due to the muscular contractions of pigs that influenced the EEG 
traces.
Descending and ascending of the lift has been thought to 
induce fear in pigs. Holst (2002, cited by EFSA, 2004) found that 
77% of the pigs stood motionless (freezing) in the gondola when 
lowered in atmospheric air (10). The majority of these pigs started 
exploring the gondola while it was stationary. Based on these 
findings, EFSA (10) concluded that the vertical movement of the 
gondola itself induces fear in the pigs (10). Dalmau et al. (44), on 
the other hand, found that the time taken to cross the raceway 
and enter the gondola did not differ between subsequent training 
sessions and Velarde et al. (3) found an increased percentage of 
pigs voluntarily entering the gondola in subsequent training ses-
sions (3, 44). Subjective observations during air treatment days 
in the current study indicated no differences in behavior of pigs 
entering the gondola on these days. The majority of pigs, however, 
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stood motionless, in the gondola while descending and ascend-
ing. It cannot be excluded, though, that the animals stood still to 
keep balance while moving up and down and not because animals 
were fearful (Bolhuis, personal communication). Though it is dif-
ficult to perceive what pigs experience during the CO2 induction 
period, the general opinion is that pigs respond aversively when 
exposed to high concentrations of CO2. Velarde et al. (3) found 
increased times taken to cross the raceway and enter the gondola 
when pigs were exposed to a CO2 treatment compared to an 
air treatment and when exposed repeatedly to 70 or 90% CO2. 
Therefore, exposure to CO2 was considered more aversive than 
exposure to atmospheric air. During the current study, there was 
a clear difference in pig behavior when exposed to atmospheric 
air or CO2. None of the pigs were observed sitting or lying and 
no gasping, jumping, muscular contractions, or escape attempts 
were observed on these 2  days. Exposure to CO2 stimulates 
respiration and pigs start to hyperventilate (7). In humans, this is 
described as breathlessness that is known to increase with blood 
carbon dioxide levels (45). Moreover, CO2 is an acidic gas with a 
high solubility that together with water forms carbonic acid. With 
CO2 stunning, carbonic acid is formed when the CO2 dissolves in 
water from mucous membranes. It is, therefore, believed that CO2 
causes irritation and pain in the lining of the nasal cavity when 
inhaled (46, 47).
There is continuing debate on which CO2 concentrations are 
most aversive to pigs since their behavioral responses vary with 
different CO2 concentrations. Signs of aversive behaviors include 
lateral head movements, retreat, and escape attempts (7, 9, 12, 
18). In a study by Rodriguez et al. (9), lateral head movements 
were the first behavior of pigs, on average, 10  s after initial 
exposure to 90% CO2. Hartung et  al. (26) stated that the head 
movements were a clear indication that the animal had detected 
the gas and responded aversively to it. When confronted with 
an unpleasant situation, the response of a pig is often to back 
away (retreat) or escape (18). Dodman (18) observed that all 
pigs showed retreat attempts in 50–55% CO2 and 37% of the 
pigs showed this response in 76–80% CO2. In the current study, 
92 and 83% of the pigs exposed to 80C and 95C, respectively, 
showed at least one retreat attempt. Although the analgesic effect 
of CO2 has been demonstrated for higher concentrations (10), the 
initial acute exposure to high carbon dioxide levels may induce an 
aversive response. This latter transient effect has been attributed 
to the irritating, and potential painful, influence on the mucous 
membranes. In the current study, no differences in the percentage 
of pigs showing retreat attempts could be determined between 
pigs exposed to 80C and 95C. In two studies by Raj and Gregory, 
none of the pigs showed escape attempts when exposed to CO2 
concentrations lower than 30% or higher than 80% (7, 12). The 
majority of pigs in a study by Velarde (3), however, attempted 
to escape when exposed to 90% CO2. During the current study, 
no escape attempts were observed. It is possible, however, that 
escape attempts were difficult to observe and this behavior is in 
the current study marked as jumping or muscular contractions.
Gasping has not been considered an aversive behavior as it 
occurs due to residual medullary activity in the brainstem when it 
becomes hypercapnic (48). It is a physiological reaction associated 
with breathlessness during the inhalation of high concentrations 
of CO2. All of the 80C and 95C pigs showed gasping before loss 
of consciousness, but the latency to gasping was shorter in 95C 
pigs than in 80C pigs. Duration from latency to gasping and loss 
of consciousness and the number of gasps while conscious, how-
ever, were similar in both groups. Figure 3 shows that gasping 
occurred closely in time with retreat attempts. It may be assumed 
that gasping does compromise animal welfare in conscious pigs, 
because it is associated with a sense of breathlessness (16).
Muscular contractions are observed in the majority of pigs 
exposed to high CO2 concentrations and it has been heavily 
debated whether they occur before or after animals have lost 
consciousness. It has been suggested that muscular excitations 
are the result by the lack of modulation of the caudal reticular 
formation from higher centers, particularly the cerebral cortex 
and physical activity during CO2 exposure might be an aversive 
response to the rostral reticular formation (10). Zeller et al. (49) 
and Rodriguez et al. (9) stated that the respiratory distress was 
induced by inhalation of gas. Dalmau et  al. (44) observed that 
time taken to cross the raceway and enter the gondola was lower 
in pigs without muscular excitations in the previous sessions than 
pigs with a high intensity of these muscle excitations, supporting 
the hypothesis that muscular excitations induce traumatism and 
pain. In that same study, one pig was replaced in the first trial due 
to lameness. From these results, it was concluded that pigs might 
have associated the pain after or during the muscular excitation 
phase with the stunning system and consequently refused to 
enter the gondola in the following session. In this study, muscular 
contractions were observed in the majority of the pigs before they 
were considered unconscious and possibly compromising animal 
welfare. Since pigs were only exposed to the CO2 once, it was 
not possible to observe their response to the stunning system a 
second time.
Loss of posture has been suggested as first indicator of onset of 
unconsciousness (7). Raj and Gregory (7) defined it as the time to 
loss of posture (a recumbent state), whereas in the present study 
it was defined as “the pig is in a recumbent position with no sign 
of control of posture.” The latter would indicate that a pig in the 
current study that would lay on the floor, but lifts it head up or 
still look up or around would not be considered having loss of 
posture and would be considered lying. Loss of posture was on 
average observed 10 s before loss of consciousness. When taking 
lying as a first indicator of onset of unconsciousness, it was on 
average scored 15 s before loss of consciousness. Lying, however, 
was easier to score than loss of posture. None of the behaviors 
scored were able to exactly pinpoint time to loss of consciousness, 
but the loss of posture was on average closest and considered the 
first indicator of onset of unconsciousness.
The most important issue for welfare is what an animal expe-
riences while conscious. The present study indicates that pigs 
respond aversively by means of lateral head movements, retreat 
attempts, and possible jumping when exposed to 80C or 95C. 
Muscular contractions were observed in conscious pigs exposed 
to either 80C or 95C and this may compromise animal welfare. 
The number of behaviors and time from first occurrence of a 
behavior relative to loss of consciousness, however, did not differ 
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between the pigs exposed to 80C or 95C in the present study. The 
findings provide little reason to conclude on a behavioral basis 
that these atmospheres are greatly different in their impact on 
pig welfare.
aUThOr cOnTriBUTiOns
MV was involved in all steps leading to this manuscript and was 
responsible for the practical part of the study. AV contributed to 
the preparation of the practical part of the study. MG, AV, LH, and 
BK contributed significantly to the discussion of the subject, and 
the development, writing, and final version of this paper.
acKnOWleDgMenTs
We would like to thank the employees of the Institut de Recerca 
i Tecnologia Agroalimentaries (IRTA, Spain) for supplying the 
animals and use of their facilities and especially Joaquim Pallisera 
Lloveras and Xenia Moles Casselles for their support while col-
lecting the data. We are grateful to Jan Peuscher for his technical 
assistance during the study and Danny de Koning for his advice 
on the statistical analyses. Vincent Hindle is acknowledged for his 
careful reading of the draft versions of this manuscript. Funding 
for this project was provided by the Dutch Ministry of Economic 
Affairs (KB-12-006.01-002).
reFerences
1. Verhoeven MTW, Gerritzen MA, Hellebrekers LJ, Kemp B. Indicators used 
in livestock to assess unconsciousness after stunning: a review. Animal (2015) 
9(2):320–30. doi:10.1017/S1751731114002596 
2. Council regulation 1099/2009 on the protection of animals at the time of kill-
ing. Official Journal of the European Union L303/1-30. (2009). Available from: 
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32009R1099 on 
November 5th 2013.
3. Velarde A, Cruz J, Gispert M, Carrión D, Ruiz de la Torre JL, Diestre A. 
Aversion to carbon dioxide stunning in pigs: effect of carbon dioxide concen-
tration and halothane genotype. Anim Welf (2007) 16:513–22. 
4. Forslid A. Muscle spasms during pre-slaughter CO2 anaesthesia in pigs. 
Ethical considerations. Fleischwirtschaft (1992) 6:1519–22. 
5. Siesjö BK. The regulation of cerebrospinal fluid pH. Kidney Int (1972) 
1:360–74. doi:10.1038/ki.1972.47 
6. Martoft L, Lomholt L, Kolthoff C, Rodriguez BE, Jensen EW, Jørgensen PF, 
et al. Effects of CO2 anaesthesia on central nervous system activity in swine. 
Lab Anim (2002) 36:115–26. doi:10.1258/0023677021912398 
7. Raj A, Gregory N. Welfare implications of the gas stunning of pigs 2. Stress of 
induction of anaesthesia. Anim Welf (1996) 5:71–8. 
8. Troeger K. Slaughtering: animal protection and meat quality. Current prac-
tice – what needs to be done? Fleischwirtschaft (1991) 71:298–302. 
9. Rodriguez P, Dalmau A, Ruiz-De-La-Torre J, Manteca X, Jensen E, Rodriguez 
B. Assessment of unconsciousness during carbon dioxide stunning in pigs. 
Anim Welf (2008) 17:341–9. 
10. EFSA. Welfare Aspects of Stunning and Killing Methods. Report 
EFSA-Q-2003-093 AHAW/04-0272004. p. 1–241. Availabel from: http://www.
efsa.europa.eu/en/efsajournal/pub/45 on September 26th 2015
11. Velarde A, Gispert M, Faucitano L, Manteca X, Diestre A. The effect of 
stunning method on the incidence of PSE meat and haemorrhages in pork 
carcasses. Meat Sci (2000) 55:309–14. doi:10.1016/S0309-1740(99)00158-8 
12. Raj A, Gregory N. Welfare implications of the gas stunning of pigs 1. 
Determination of aversion to the initial inhalation of carbon dioxide or argon. 
Anim Welf (1995) 4:273–80. 
13. Terlouw C, Bourguet C, Deiss V. Consciousness, unconsciousness and death 
in the context of slaughter. Part I. neurobiological mechanisms underlying 
stunning and killing. Meat Sci (2016). doi:10.1016/j.meatsci.2016.03.011
14. Manning HL, Schwartzstein RM. Pathophysiology of dyspnea. N Engl J Med 
(1995) 333:1547–53. doi:10.1056/NEJM199512073332307 
15. Raj A. Recent developments in stunning and slaughter of poultry. Worlds Poult 
Sci J (2006) 62:467–84. doi:10.1079/WPS2005109 
16. Beausoleil N, Mellor D. Introducing breathlessness as a significant animal 
welfare issue. N Z Vet J (2015) 63:44–51. doi:10.1080/00480169.2014.940410 
17. Parshall MB, Schwartzstein RM, Adams L, Banzett RB, Manning HL, 
Bourbeau J, et al. An official American Thoracic Society statement: update on 
the mechanisms, assessment, and management of dyspnea. Am J Respir Crit 
Care Med (2012) 185:435–52. doi:10.1164/rccm.201111-2042ST 
18. Dodman N. Observations on the use of the Wernberg dip-lift carbon dioxide 
apparatus for pre-slaughter anaesthesia of pigs. Br Vet J (1976) 133:71–80. 
19. Holst S. Behaviour in Pigs Immersed into Atmospheric Air or Different Carbon 
Dioxide Concentrations. Danish Meat Research Institute (2002). Internal 
report 02.709 7295.
20. Nowak B, Mueffling T, Hartung J. Effect of different carbon dioxide con-
centrations and exposure times in stunning of slaughter pigs: impact on 
animal welfare and meat quality. Meat Sci (2007) 75:290–8. doi:10.1016/j.
meatsci.2006.07.014 
21. Barfod K. CO2 stunning of pigs. German Fleischwirtschaft (1990) 70:1162. 
22. Erhardt W, Ring C, Kraft H, Schmid A, Weinmann HM, Ebert R, et al. CO2-
stunning of swine for slaughter from the anesthesiological viewpoint. Dtsch 
Tierarztl Wochenschr (1989) 96:92–9. 
23. Hoenderken R, Eikelenboom G, editors. Electrical and carbon dioxide stun-
ning of pigs for slaughter. Stunning of Animals for Slaughter. Boston: Martinus 
Nijhoff Publishers (1983). p. 59–63.
24. Forslid A. Transient neocortical, hippocampal and qmygdaloid EEG silence 
induced by one minute inhalation of high concentration CO2 in swine. Acta 
Physiol Scand (1987) 130:1–10. doi:10.1111/j.1748-1716.1987.tb08104.x 
25. Lambooij E, Gerritzen M, Engel B, Hillebrand S, Lankhaar J, Pieterse C. 
Behavioral responses during exposure of broiler chickens to different 
gas mixtures. Appl Anim Behav Sci (1999) 62:255–65. doi:10.1016/
S0168-1591(98)00214-7 
26. Hartung J, Nowak B, Waldmann K, Ellerbrock S. CO2-stunning of slaughter 
pigs: effects on EEG, catecholamines and clinical reflexes. Dtsch Tierarztl 
Wochenschr (2002) 109:135–9. 
27. Verhoeven M, Gerritzen M, Kluivers-Poodt M, Hellebrekers L, Kemp B. 
Validation of behavioral indicators used to assess unconsciousness in sheep. 
Res Vet Sci (2015) 101:144–53. doi:10.1016/j.rvsc.2015.06.007 
28. Verhoeven MTW, Gerritzen MA, Hellebrekers LJ, Kemp B. Validation of 
indicators used to assess unconsciousness in veal calves at slaughter. Animal 
(2016). doi:10.1017/S1751731116000422 
29. Baars BJ, Ramsøy TZ, Laureys S. Brain, conscious experience and the observ-
ing self. Trends Neurosci (2003) 26:671–5. doi:10.1016/j.tins.2003.09.015 
30. Tolo E, Christensen L, Martoft L, Forslid A. CO2-stunning in pigs. Anim Welf 
(2010) 19:369–73. 
31. Mohan RA, Gregory N. Effect of rate of induction of carbon dioxide anaes-
thesia on the time of onset of unconsciousness and convulsions. Res Vet Sci 
(1990) 49:360–3. 
32. Llonch P, Rodríguez P, Velarde A, de Lima VA, Dalmau A. Aversion to the 
inhalation of nitrogen and carbon dioxide mixtures compared to high concen-
trations of carbon dioxide for stunning rabbits. Anim Welf (2012) 21:123–9. 
doi:10.7120/096272812799129475 
33. Llonch P, Rodriguez P, Jospin M, Dalmau A, Manteca X, Velarde A. Assessment 
of unconsciousness in pigs during exposure to nitrogen and carbon dioxide 
mixtures. Animal (2013) 7:492–8. doi:10.1017/S1751731112001966 
34. Raj A. Behavior of pigs exposed to mixtures of gases and the time required 
to stun and kill them: welfare implications. Vet Rec (1999) 144:165–8. 
doi:10.1136/vr.144.7.165 
35. Gregory N, Wotton S. Effect of stunning on spontaneous physical 
activity and evoked activity in the brain. Br Poult Sci (1990) 31:215–20. 
doi:10.1080/00071669008417248 
10
Verhoeven et al. Assessing Unconsciousness during CO2 Stunning
Frontiers in Veterinary Science | www.frontiersin.org May 2016 | Volume 3 | Article 38
36. Raj AM, Gregory N, Wotton S. Changes in the somatosensory evoked potentials 
and spontaneous electroencephalogram of hens during stunning in argon- 
induced anoxia. Br Vet J (1991) 147:322–30. doi:10.1016/0007-1935(91)90004-7 
37. Terlouw E, Arnould C, Auperin B, Berri C, Le Bihan-Duval E, Deiss V, 
et al. Pre-slaughter conditions, animal stress and welfare: current status and 
possible future research. Animal (2008) 10:1501–17. doi:10.1017/S1751731 
108002723 
38. Grandin T. Effect of genetics on handling and CO2 stunning of pigs. Meat 
Focus Int (1992) 7:124–6. 
39. Teplan M. Fundamentals of EEG measurement. Meas Sci Rev (2002) 2:1–17. 
40. Velarde A, Ruiz-de-la-Torre JL, Roselló C, Fàbrega E, Diestre A, Manteca X. 
Assessment of return to consciousness after electrical stunning in lambs. Anim 
Welf (2002) 11:333–41. 
41. Gerritzen M, Lambooij B, Reimert H, Stegeman A, Spruijt B. On-farm eutha-
nasia of broiler chickens: effects of different gas mixtures on behavior and 
brain activity. Poult Sci (2004) 83:1294–301. doi:10.1093/ps/83.8.1294 
42. Lambooij E, Kloosterboer RJ, Gerritzen MA, van de Vis JW. Assessment of 
electrical stunning in fresh water of African Catfish (Clarias gariepinus) and 
chilling in ice water for loss of consciousness and sensibility. Aquaculture 
(2006) 254:388–95. doi:10.1016/j.aquaculture.2005.10.027 
43. McKeegan D, Reimert H, Hindle V, Boulcott P, Sparrey J, Wathes C, et  al. 
Physiological and behavioral responses of poultry exposed to gas-filled high 
expansion foam. Poult Sci (2013) 92:1145–54. doi:10.3382/ps.2012-02587 
44. Dalmau A, Rodríguez P, Llonch P, Velarde A. Stunning pigs with different gas 
mixtures: aversion in pigs. Anim Welf (2010) 19:325–33. 
45. Stark R, Gambles S, Lewis J. Methods to assess breathlessness in healthy 
subjects: a critical evaluation and application to analyse the acute effects 
of diazepam and promethazine on breathlessness induced by exercise or 
by exposure to raised levels of carbon dioxide. Clin Sci (1981) 61:429–39. 
doi:10.1042/cs0610429 
46. Hari R, Portin K, Kettenmann B, Jousmäki V, Kobal G. Right-hemisphere 
preponderance of responses to painful CO2 stimulation of the human nasal 
mucosa. Pain (1997) 72:145–51. doi:10.1016/S0304-3959(97)00023-7 
47. Williams V. The use of carbon dioxide for euthanasia and anaesthesia. 
Surveillance (2004) 31:28–30. 
48. Gregory NG. Physiology and Behavior of Animal Suffering. Oxford: Blackwell 
Publishing (2004). p. 268.
49. Zeller W, Schatzmann U, Imhof A. Kohlendioxid Betaubung von 
Schlachttieren. Fleischwirtschaft (1987) 67:1519–22. 
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2016 Verhoeven, Gerritzen, Velarde, Hellebrekers and Kemp. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.
